Indoor temperatures during winter conditions play an important role in influencing the comfort and health of households, space heating energy demand and peak heating power. The role that physical dwelling features and household characteristics have on wintertime indoor temperatures has been examined among low-income households, but not across English households in a systematic manner. This paper examines determinants of indoor air temperatures during wintertime conditions to examine how temperature conditions vary with, for example, dwelling age or household socio-economic conditions. Using a cross-sectional survey of English dwellings that included monitoring of indoor air temperatures from January 2011 to February 2012, this study examines the determinants of indoor temperatures during wintertime conditions within a representative sample of English dwellings (N = 821). The study analysed indoor temperatures standardised to outdoor air temperatures of 0
a b s t r a c t
Indoor temperatures during winter conditions play an important role in influencing the comfort and health of households, space heating energy demand and peak heating power. The role that physical dwelling features and household characteristics have on wintertime indoor temperatures has been examined among low-income households, but not across English households in a systematic manner. This paper examines determinants of indoor air temperatures during wintertime conditions to examine how temperature conditions vary with, for example, dwelling age or household socio-economic conditions. Using a cross-sectional survey of English dwellings that included monitoring of indoor air temperatures from January 2011 to February 2012, this study examines the determinants of indoor temperatures during wintertime conditions within a representative sample of English dwellings (N = 821). The study analysed indoor temperatures standardised to outdoor air temperatures of 0
• C, 5
• C and 10
• C within the study sample and the influence of physical dwelling features (type, age, size), household characteristics (tenure, income, composition, benefit receipt) and energy performance (loft and wall insulation, heating system and performance rating levels). The analysis finds that as dwelling age decreased (i.e. newer), so did indoor air temperatures in both the living room and bedrooms, after adjusting for a selection of dwelling and household characteristics. Compared to the lowest income quintile, households with higher incomes kept warmer temperatures, but this was not a linear increase and the highest incomes were not on average the warmest. There appears, however, to be little change in the dwelling temperature trends when looking at lower or higher outdoor air temperature conditions (i.e. 0
• C and 10 • C). In designing policies to improve indoor thermal conditions, policymakers will need to consider underlying energy performance of the dwelling alongside the socio-economic conditions of the household, for example when providing fuel support payments to at risk households.
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Introduction
Exposure to wintertime indoor temperatures remains an important determinant of health for English households. Exposure to low indoor wintertime temperatures is associated with being in fuel poverty and poverty more generally [1, 2] , and a higher risk of cardio-respiratory illness [3] . England has a large burden of excess winter mortality (EWM), i.e. number of deaths during winter periods (i.e. December to March) compared to the mean of non-winter period, with approximately 18,200 additional deaths in 2013/14 (and 31,280 in 2012/13), and most of this burden is due to deaths for policy action. Therefore, the objective of this study is to determine the variation in wintertime indoor temperatures associated with dwelling features, household characteristics, and measures of energy performance. A further objective is to determine how wintertime indoor temperatures vary with outdoor temperature, with a particular focus on 'cold periods' and outdoor temperature cold thresholds. The research questions asked were:
1. Are older (and presumably less efficient) homes colder than newer homes? 2. Are households of lower levels of socio-economic status colder than those of higher economic status? 3. Do these relationships change during colder periods? and 4. How do retrofits modify the exposure to indoor temperature?
A cross-sectional survey dataset of English dwellings with monitored indoor wintertime temperatures over a 13-month period during 2010 and 2011 was used to investigate the association between household and dwellings characteristics and indoor wintertime temperatures. The temperatures of the homes are standardised to a common external temperature to enable comparison across the sample and with a focus on living room and bedroom temperatures as indicators of likely exposure conditions. In the following section provides a background on past studies conducted in England followed by a description of the data sets and analysis method used to address the research questions.
Background
There is a growing interest in better understanding the relationship that indoor thermal conditions have on a range of outcomes, such as heating or cooling energy demand [10, 11] , levels of activity [12] , and of health outcomes such as COPD and cardiovascular disease [13] . Indoor temperatures are influenced by a range of factors, including regional climate, social practices, building energy performance, and fuel prices to name a few. This means that determinants of indoor temperatures will be reflective of local contextual drivers, for example, a recent study of indoor thermal conditions in China found a tendency of very low average indoor wintertime temperatures (e.g. 13 • C) and were influenced by income, presence of children and heating system type [10] .
When developing policies on tackling low indoor temperatures for a specific country or region it is vital to understand the prevalence of those conditions and their determinants across the broader population. A recent review of indoor temperature thresholds for health found that few studies had been undertaken at a population level with sufficient coverage and sample size [6] . The objective of this study is to better understand what dwelling and household characteristics influence wintertime indoor temperatures in England, which is marked by high levels of excess winter mortality and also fuel poverty [4, 14] . The following studies are included here due to their specific focus on determinants of indoor temperatures among the English household population.
A study by Vadodaria et al. of indoor temperatures samples in England has shown that indoor living room temperatures have broadly stayed the same over the past 40 years, with most samples used to determine this being within the range recommended by WHO (i.e. above 18 • C) [15] . The study also showed that from a limited number of samples, to achieve thermal comfort satisfaction in the UK, living room temperatures may need to be in the range of 20-22 • C. The study was not, however, able to examine determinants of the indoor temperature.
A study by Wilkinson et al. used survey data on English dwellings from the 1991 Energy Follow-Up Survey (EFUS) linked to postcode level mortality data for a ten-year period (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) to examine the relationship between indoor air temperature and EWM. The EFUS temperature survey took spot air temperature readings outdoors and indoors in the main living rooms and hall/stairs measured in 4942 dwellings between February and May 1992 [16] . In the Wilkinson study, the internal temperatures were standardised to an outdoor air temperature of 5 • C at 3pm after four hours of heating. The standardisation allowed for comparison over time and for different areas of the country. The study found that older (pre-1900) properties had lower wintertime indoor temperatures than post-1980 (-1.20 • C), that dwellings with no central heating were colder (−1.3 • C) than those with, and households in the highest income quartile had higher temperatures (0.25 • C) than those in the lowest. The study also showed that residents living in older and colder homes had a higher risk of excess winter death caused by cardiovascular disease and other causes.
A study by Oreszczyn et al. used a similar method of analysing temperatures as Wilkinson et al. by standardising indoor temperatures to an outdoor air temperature of 5 • C. The study examined temperatures in low income households in England who were recipients of the government Warm Front programme that provided energy efficiency retrofits to tackle fuel poverty. Using the standardised internal temperature for the living room during the daytime (08:00 to 20:00), they showed that among the low income households higher temperatures were associated with newer dwellings (∼0.53 • C), that detached dwellings were colder than terraced dwellings (−0.17 • C) and flats even colder (−0.30 • C). Dwellings with a higher level of efficiency, measured using the notional dwelling fabric heat loss divided by the heating system efficiency, were 1.37 • C warmer than lower levels. Using the government's standard assessment procedure (SAP) the difference between those dwellings in the most efficient bands (>70) were 2.24 • C warmer than those in the lowest (<42). They also found that older (>60) households were warmer (0.52 • C) and those that had difficulty paying their bills were colder (−0.67 • C). The study also included overnight bedroom temperatures, which showed very similar trends as the living rooms. A notable exception was that dwellings with older occupants had lower night-time bedroom temperatures (−0.79 • C).
A study by Kelly et al. examined 347 homes from across England and used a panel approach to examine the determinants of indoor temperatures at 45 min intervals during an ∼6 month period (22 July 2007 -3 February 2008 [17] . They found that households with heating controls had lower average daily temperatures compared to no controls (0.24 • C), that homes with more occupants increased their average daily temperature by 0.25 • C/person, that temperature increased with income (0.085 • C/income bracket), that older households (>64 years) had higher temperatures than younger households (0.37 • C), and that socially and privately rented dwellings had higher indoor temperatures than owner-occupiers. Kelly also found that the presence of gas central heating was associated with lower temperatures than those without (−0.56 • C) and those with electric room heating as much warmer (1.0 • C), while the presence of gas and electric room heaters decreased average daily internal temperatures (−1 • C). Dwelling energy efficiency was also shown to be an important determinant of the variation in daily average indoor temperatures, with increased temperatures associated with increased levels of loft insulation (0.25 • C/25 mm), wall insulation (0.08 • C/U-value band), and proportion of double glazing (0.19 • C/25% of glazing). The detachedness of the dwelling (i.e. a proxy for exposed surface area) also affected temperatures, with detached dwellings being colder than semi-detached and terraced dwellings (−0.7 • C and −0.61 • C respectively), while temperatures increased in newer dwellings with post-2003 dwellings being ∼0.42 • C warmer than pre-1900 dwellings.
The above studies of England show that average wintertime indoor air temperatures are influenced by dwelling age, thermal Temperature logger location  Pre-exclusion  Post-exclusion  Pre-exclusion  Post-exclusion  Living Room  7,613,492  7,235,128  308,796  297,152  Bedroom  7,579,763  7,167,670  310,145  299,850  Hallway  7,564,728  7,137,600 308,525 296,610 performance, household size and income [7, 18] ; while dynamic variation in indoor temperature (i.e. throughout the day) is associated with temperature controls, occupancy period, number of occupants, ownership status, heating system type and fabric insulation [17] . However, these studies have not looked at the determinants of indoor temperatures during cold or wintertime periods that are known to have a link to health or were focused on low income and vulnerable populations alone. The Kelly et al. study did not explicitly look at cold or wintertime periods that are known to have a link to health [7] and the Oreszczyn et al. was sampled from fuel poor households and therefore would not represent the broader English household population [18] . The one study that did look at wintertime conditions among a representative sample (i.e. Wilkinson et al. used data that is now almost 25 years old and would not reflect the millions of energy efficiency retrofits that have been installed over the period to present day [19] or changes in thermal comfort and indoor temperature trends [15] . Hence in this study we use an updated dataset of monitored indoor temperatures with comprehensive building measurements to examine determinants during cold wintertime conditions.
Methods
This study used data from the 2011 Energy Follow-Up Survey (EFUS), which is a cross-sectional sub-sample survey of households in the English Housing Survey (EHS) 2010-2011, carried out by the Building Research Establishment (BRE) on behalf of the UK Dept. of Energy and Climate Change (DECC). The Survey was conducted through face-to-face interviews with 2616 households between December 2010 and April 2011 [20] . Within a further sub-sample of 823 dwellings, temperatures were monitored in three zones within the dwelling, e.g. living room, hallway and main bedrooms for approximately a year period. This study used the sub-sample of 823 dwellings for the analysis.
The study of temperature and dwelling energy efficiency comprised two main components. The first was the development of an internal temperature standardised at 5 • C outdoor air temperature in order to estimate wintertime conditions and make comparisons between dwellings. A similar method as described in Oreszczyn et al. and Wilkinson et al. was used. The second was to estimate dwelling energy efficiency, also following the method in Oreszczyn et al. The sections below provide a brief description of the temperature data, standardised internal temperature (SIT) model, and the dwelling heat transfer characteristic (i.e. E-value) model. These two components provided a means for analysing differences in temperatures within the survey dwellings under approximately similar outdoor conditions and for characterising the thermal performance of the building.
EFUS temperature data
The 2011 EFUS installed temperature loggers in 823 dwellings [21] . The loggers recorded temperatures at 20-min intervals in the living room, hallway and main bedroom, where available. The loggers used in the EFUS temperature survey were Tinytag Transit 2 data loggers made by Gemini Data Loggers. The units had a capacity of storing 32,000 readings with an accuracy of ±0.2 • C and a range of −70 • C to 40 • C [21] . The monitoring period was from the beginning of February 2011 to the end of January 2012, capturing a full winter and summer period. Outdoor temperatures were not collected using the temperature loggers during the temperature survey due to 'practical issues', e.g. placement of the loggers and risk of sunlight falling directly on the loggers, instead hourly data from the nearest Met Office weather station system (MIDAS) was used [22] . The MIDAS system comprises 139 weather stations from around England and the majority (75%) of dwellings were within 24 km of a weather station, with the mean being 11 km [21] .
For the analysis, 821 dwellings were used (two dwellings were excluded due to errors in the provided datasets) and the 20 min interval logger data for each zone for each dwelling was summarised into a daily temperature (dataset A) and hourly temperature (dataset B) for the monitoring period comprising the mean, minimum, maximum, 5% percentile and 95% percentile values for the living room, bedroom and hallway. For each dwelling, the daily and hourly data points were examined and an exclusion criteria was applied. The exclusion aimed to reduce extreme values or logger errors (i.e. continuous repeats) that could affect the analysis, the criteria was: Repeated temperature values, indoor temperatures <0 • C and >40 • C. This lead to an exclusion of approximately 5% and 4% of the daily and hourly dataset (see Table 1 ).
Standardised internal temperature model
The daily and hourly datasets were used to examine the relationship between the indoor and outdoor air temperatures over the monitoring period. This work was mainly focused on examining the indoor temperature exposure during cold (winter time) conditions, which would be equivalent to a 'heating' mode. To compare internal temperatures between dwellings using monitoring data that was collected across the country and (at times) during different periods it was necessary to create common baseline. The method developed by Oreszczyn et al. to examine the drivers of temperature in low income households provides a useful process of standardising the internal air temperature for a given outdoor air temperature. This research applied the Oreszcyzn method by using the hourly indoor and outdoor temperatures (Dataset B) to develop a standardised internal temperature (SIT) model for each dwelling. The modelling of the indoor and outdoor temperature needed to account for any non-linearity within the relationship, particularly at the colder/warmer extremes. Therefore, the regression used ordinary least squares (OLS) and tested several model forms, including: quadratic (i.e. squared and cubic) terms of outdoor temperature and also tested locally weighted polynomial regression (LOESS) to visualise model fit (not shown). The standardised internal temperature was estimated for each dwelling by regressing the mean hourly indoor temperature on outdoor temperature along with a squared term to allow for non-linear relationships using OLS.
This research was interested in examining periods when occupants would most likely be present within their dwelling during cold conditions and when the heating system was most likely being used. Using the research by Huebner et al., a daytime heating period was defined as 07:00 to 09:59 and 19:00 to 21:59, which are periods identified as having a higher probability of the heating system being used in English dwellings [11] . A night-time period was defined as 20:00 to 07:59. The method used here deviates from Oreszczyn et al. by using the periods identified by Huebner et al. as a proxy for heating and occupancy and were used for the indoor to outdoor model and predicting the standardised temperature. The daytime heating period was used for the living room and hallway monitor and the night-time period was used for the bedroom monitor.
A regression function was derived for each dwelling and was used to predict the indoor temperature at an outdoor air temperature of 0 • C, 5 • C and 10 • C. Note that the analysis shown below focuses on the living room and bedroom temperatures because these are more likely indicators of the temperatures occupants would be exposed to during occupied periods.
E-value model
The thermal characteristic of the dwelling was estimated using a similar approach described by Oreszczyn et al. The E-value is the required energy used by the main heating system to maintain a 1 • C temperature difference between the outside and inside under steady state conditions. The method deviates slightly from that described by Oreszczyn et al. by including the ventilation characteristic of the dwelling, which would also influence the total heat demand of the dwelling (see Eq. (1)).
Eq.
Where Ui is the heat loss per square meter of surface area per degree Kelvin temperature difference between inside and outside (W/m 2 /K) for the ith building element, Ai its surface area, N is the number of air changes (Nach), V is the volume of the dwelling (m 3 ), 0.33 is the specific heat capacity of air (J/K), and is the efficiency of the main heating device for the dwelling (0-1). The E-value is used to calculate heating energy by multiplying it by the temperature difference for a given period. The components of the E-value (i.e. fabric heat loss, ventilation heat loss and heating system efficiency) are commonly used in energy and indoor temperature analysis, but the advantage of the E-value is that it combines these into a single measure.
The inputs for calculating the E-value were determined using the property information collected as part of the EHS (i.e. the EFUS parent survey) to characterise the ventilation and fabric heat losses. The method used the survey information, such as dwelling type, construction year and region, to assign thermal properties of building materials (i.e. U-values) and 'rules-of-thumb' for ventilation rates related to the dwelling size, external area and active and passive ventilation components. The components used in estimating the E-value were drawn from the UK Government's Standard Assessment Procedure (SAP) method, which has been described and validated elsewhere in detail [23, 24] . The SAP is used to benchmark the energy performance of the building in terms of how much energy a dwelling will consume at a set level of comfort and service using standard assumptions for occupancy and behaviour. The SAP measures the energy performance as: energy use per floor area, fuel-cost-based rating (i.e. SAP rating) and CO 2 emissions. For the heat loss calculations, the method here used the physical characteristics of the dwelling in the EHS to make inferences on the thermal and ventilation properties of the dwelling. The E-value for the EFUS 2011 sample was derived from the English Housing Survey housing stock data conversion process used by the UK Government in their energy demand stock modelling [24] .
Results
First, in order to describe the context of the monitoring period (6 December 2010-13 February 2012) of the EFUS temperature data, the mean 24-h daily indoor and outdoor temperatures are shown in Table 2 and Fig. 1 . The 24-h average indoor air temperatures within the group fluctuate between 17.3 • C and 22.2 • C throughout the year. The outdoor monitoring data shows several cool periods in December of 2010 and 2011 where the heating system would expect to be operating when occupied. Fig. 2 shows the delta between the mean of the mean daily temperatures for the living room, bedroom and hallway and the mean daily outdoor local weather station temperature. It is this mean temperature difference that in theory drives energy use. Mean daily indoor air temperatures are consistently greater than outdoor temperatures throughout the year, even during the summer period, which likely reflects solar and internal gains, and the envelope's thermal lag. Fig. 3 shows the results of the OLS regression of the hourly indoor temperature [Dataset B] against the outdoor air temperature (along with its square term) for living room temperatures for a random selection of dwellings in the sample. The results show that there are a number of different shapes present within the data, which illustrates the spread of hourly indoor temperatures exhibited within the dwellings during the daytime heating period at different outdoor temperatures. Broadly, however, most of the curves exhibit an upward slope as the outdoor temperatures decrease.
Indoor to outdoor air temperature relationship
To make comparisons across the dwelling stock, indoor air temperatures at outdoor air temperatures of 0 • C, 5 • C and 10 • C were predicted using the OLS models. Fig. 4 shows the distribution of the living room, bedroom and hallway temperatures during the selected outdoor conditions. As the outdoor conditions become colder, the indoor conditions during expected daytime heating hours also become colder but with a greater variation in both bedrooms and living rooms; the standard deviations are almost 1 • C larger between 0 • C and 10 • C outdoor air temperatures. The distributions of indoor living room and bedroom temperature are moderately normally distributed (Fig. 5) . In the following analysis of difference, a non-parametric approach is used to examine the significance of difference.
Determinants of indoor temperatures
The literature review identified that both the physical features of the dwelling along with household characteristics showed differences in indoor wintertime temperatures [7, 17, 18, 25] . This section presents the results of significance testing for the determinants of indoor temperatures. These are shown as 'crude' differences from a baseline, i.e. they are not adjusted for other factors and are being shown to identify those factors that may help explain the standardised indoor temperature during wintertime conditions (i.e. 5 • C air temperature) for the subsequent model development. The significance tests use Kruskal-Wallis (KW), which are based on non-parametric distributions due to small sample sizes among the independent variables and that normality is not assumed. Table 3 shows the standardised indoor living room and bedroom during daytime heating periods with outdoor air temperature conditions of 5 • C for a selection of dwelling physical characteristics. The results show that dwelling forms with greater exposed surface area (i.e. detached and semi-detached) have among the lowest temperatures in both living room and bedrooms, however these results are not significant. Older dwellings exhibit much cooler indoor temperatures, 17.9 • C and 17.3 • C in pre-1919 living rooms and bedrooms respectively, with more consistent temperatures among post-war dwellings. Local authority rented and registered social landlords (RSL) kept warmer dwellings than owner occupied or privately rented, particularly in the living rooms (which show a significant difference). As with dwelling form, larger dwellings, which would have greater volumes, were also colder than smaller dwellings. With a constant outdoor temperature of 5 • C there are no clear temperature patterns for dwelling location. Table 4 shows indoor temperatures during 5 • C outdoor temperature conditions and household characteristics, which show limited significance tests from the comparison groups. However, the results show that as income lowers, indoor living room temperatures are warmer, but that bedroom temperatures are colder. In living rooms, younger households (<60 single or couple) without dependents tended to have lower temperatures, while older households (>60 single or couple) are highest; there is less difference among these groups in bedroom temperatures. Unemployed households have the lowest temperature in both the living room (17.3 • C) and bedroom (17.6 • C), while retired have the warmest living room (19.5 • C) and bedroom (18.5 • C) temperatures. Households who are considered vulnerable (either being in low income and/or in receipt of certain forms of benefits or income support) had colder dwellings than non-vulnerable households.
Internal temperature has been compared for households defined as being in fuel poverty using two definitions: the historic definition where 10% or more of the household income would in theory have to be spent to maintain comfortable conditions; and the recently introduced definition (i.e. low income high cost (LIHC)) attempts to capture the relative cost of both having a low income and of living in houses that are more costly to heat [26] . The results show that households estimated to be in fuel poverty using the 10% definition are also shown to have colder homes than non-fuel poor households. The historic 10% definition, is significantly different (using the applied KW test), while the LIHC definition shows less difference and of lower significance. Note that the LIHC definition uses both the expected heating energy demands accounting for the dwelling's energy performance along with the income level of the household to assess the notional fuel expenditure, while the 10% definition uses the income. The main effect is that a lower income household in a dwelling that is more energy efficient will be at lower risk of being classed as fuel poor under the LIHC. Table 5 shows that dwellings that have greater energy efficiency measures have higher internal temperature, though again with limited significance from the comparison groups. Dwellings with no loft insulation have the lowest indoor living room temperatures and a small difference when looking at the presence of wall insulation. Dwellings with double glazing have significantly warmer indoor temperatures than dwellings with single glazing. When using an overall measure of energy performance, dwellings with larger E-values (i.e. the whole dwelling fabric and ventilation heat loss divided by heating system efficiency) are significantly colder than dwellings with smaller E-values. Note that this is not specifically a measure of energy performance, as large dwellings have more surface area and therefore greater heat losses. However, there is approximately 3 • C difference between the highest and lowest heat loss band of dwellings in living rooms and 1.8 • C in bedrooms. This trend is also shown when using the SAP measure of dwelling energy performance with lower energy performing dwellings having colder temperatures in both the living room and bedroom (a difference of 2.5 • C). The results show that for dwellings where dampness is a problem in one or more rooms, both the living room and bedrooms are colder by 0.2 • C and 1.2 • C respectively. Hong et al. found that mould growth risk was higher among dwellings with colder temperatures (and therefore both the moisture content of the dwellings likely to be higher and colder surfaces) [27] . From the above analysis, those features that show significance in describing the indoor temperature during wintertime conditions using non-parametric tests are: dwelling age, size, household tenure, household composition, reference person employment status, benefit receipt, fuel poverty risk under 10% definition, fabric heat loss, energy performance rating, and window type. These are used in the modelling indoor temperature at different outdoor temperatures. Table 6 shows the results of a generalised linear regression model for the selected number of dwelling, household and energy performance characteristics, and Table 7 shows the model fit parameters. The mean standardised internal air temperature at 5 • C outdoor air temperature in the living room and bedroom are 16.7 • C and 16.1 • C respectively after adjusting for the selected dwelling features and household characteristics. The results of the model show the effect of exposed surface area as a proxy for heat loss, by way of dwelling type, with living room and bedroom temperatures becoming warmer. Living room temperatures in purpose built and converted flats are 1 • C and 1.4 • C warmer than detached dwellings, while bedroom temperatures are 0.8 • C and 1.4 • C. As dwelling age increases so does temperatures in both living room and bedrooms, with a notable exception for the most recent age band on post-1990 dwellings. Compared to the oldest dwellings, the newer dwellings are warmer (0.7 • C and 1 • C in living room and bedrooms) but slightly less than the 1920-1989 cohort. Compared to Table 3 , the age related temperature differences are around 0.3 • C lower, but remain moderately significant even after controlling for other factors such as thermal heat loss and dwelling size. This suggests there is an age specific factor that affects indoor temperature. Local authority tenured households experience significantly warmer bedroom and living room temperatures compared to owner occupied dwellings, which accounts for the higher temperatures within purpose built flats which comprise the bulk of this type of housing. Other related socio-economic variable of household income shows that in general as incomes increase so does adjusted indoor temperatures, in both bedroom and living rooms, like the crude values. Compared to single person households under 60 years of age, households that have more people and older occupants tend to be warmer in the living room. The bedroom temperatures (i.e. night periods) show that households with children are the warmest. Household composition becomes a significant predictor after adjusting for dwelling features and is clearly acting as a proxy for heating demand behaviours. Compared to working households, dwellings that were unemployed had colder living room temperatures, while retired households had the warmest living room. In bedrooms, there was a trend to decrease temperatures as full-time employment status reduced, except for retirees who had warmer bedrooms. Households in receipt of some benefits kept warmer daytime living room temperatures and cooler night-time bedroom temperatures compared to those not in receipt of benefits, but this difference was no longer significant once controlling for household characteristics and dwelling type. Finally, indoor temperatures are shown to decrease as dwelling thermal performance worsened (i.e. >E-value). Because the temperatures are adjusted for both dwelling size (i.e. floor area bands) and exposed surface area, the difference between thermal values is less, but remains significant at the highest heat loss band. The fuel poverty definitions were tested but were found to be not significant and therefore not included in the final model. Dwelling age, household composition and employment are among the strongest predictors of indoor temperature.
Model of indoor temperatures

Indoor temperatures under colder/warmer conditions
Analysis was also performed to determine if the differences remained when the outdoor air temperature conditions were colder (0 • C) or warmer (10 • C) than 5 • C. The results (full tables shown in Appendix A) show that the trends in the differences were broadly similar, but that the magnitudes tended to be greater as outdoor conditions became colder. Fig. 4 showed that temperatures at the 10 • C were on average warmer than the indoor conditions at 0 • C and 5 • C outdoor by about 1 • C within the living rooms and 0.5 • C in the bedrooms. The trend across dwelling age was consistent at different outdoor conditions, with temperatures increasing (compared to the pre-1919 group) and then falling; the post-1990 Table 6 Model estimates of dwelling, household and energy performance characteristics and standardised internal temperature (at 5
• C outdoor air temperature) in living room and bedrooms.
Living room SIT † at 5
• C outdoor Bedroom SIT † at 5 had the same temperature difference to the oldest dwellings group as the 1919-44 group.
The relationship between the energy performance of the dwelling and living room and bedroom air temperature is shown in Tables 8 and 9 respectively. The tables show the difference in temperature for both the E-value and SAP under colder and warmer outdoor conditions, adjusted for the variables listed in Table 6 . Compared to the least efficient dwellings, i.e. those with a greater Evalue and lower SAP, more efficient dwellings have warmer indoor temperatures at all the selected outdoor conditions. There is a 3 • C difference between the most efficient group of dwellings (i.e. Evalue < 100 W/K) and the least efficient (i.e. >500 W/K). This trend is also seen when using the SAP measure with around 2.5 • C difference between the highest and lowest rating bands. Fig. 6 shows the adjusted living room and bedroom SIT as the difference from the group mean by dwelling age band (A) and income (B). For dwelling age, when compared to the mean, pre-1919 dwellings are colder in both the living room and bedrooms, while the newest dwellings are warmer in the bedroom but colder in the living room. For income, lower incomes are also colder than higher incomes, after adjustment. As outdoor conditions become colder there is little difference within the age and income groups. There is only a slight difference for the pre-1919 dwellings bedroom temperatures (i.e. 0.3 • C between 0 • C and 10 • C outdoor air temperatures). Table 7 Fit parameters for living room and bedroom SIT models shown in 
Discussion
Using the English Follow Up Survey (EFUS), the largest cross-sectional survey of dwelling characteristics and indoor temperatures measurements in England, this study examined the relationship between living room and bedroom indoor temperature and a selection of dwelling features (dwelling type, age, tenure, size and location), household characteristics (household income, composition, income, employment, benefits receipt, vulnerability and fuel poverty) and energy and environmental performance (loft and wall insulation, E-value and SAP, glazing and condensation). This study differs from previous studies looking at indoor temperatures in English homes [7, 15, 17, 18] in terms of its representativeness of English dwellings, the duration of the monitoring period, and the use of different outdoor conditions when standardising for comparison.
When looking at the determinants in isolation (i.e. Tables 3-5 ), a number of dwelling features and household characteristics were shown to have significant differences between classes, these included: dwelling age, size, household tenure, household composition, reference person employment status, benefit receipt, fuel poverty risk under 10% definition, fabric heat loss, energy performance rating, and window type. However, when used in combination in a model to predict indoor temperatures, few remained strong predictors and these tended to relate to dwelling heat loss features (i.e. exposed wall area through dwelling type and fabric thermal performance through E-value). The discussion below focuses on the adjusted model results of Table 6 .
With regards to the age of the property (Q1), the analysis showed that as dwelling age increased, so did indoor temperatures in both the living room and bedrooms, after adjusting for a selection of dwelling and household characteristics. Post-war dwellings, i.e. those built between 1945 and 1989, were the warmest, while the newest dwellings (post-1990) tended to be on average colder than the post-war cohort by almost 0.3 • C in the living room and what would be during periods most likely to be occupied. However, there were only minor differences during night-time periods. Between the unadjusted and adjusted analyses, dwelling age remained a significant determinant even after accounting for other measures of thermal performance. While many dwellings built in the post-war period are smaller than older dwellings and a large number being purpose built flats, these factors were adjusted for and the fact that newer dwellings have temperatures similar to those built in 1919-1944 is unusual, since newer dwellings are built to building regulation energy performance standards that should far exceed the older cohort. It could be that many of those post-war dwellings have been retrofit to a higher energy performance standard, but it is unlikely that these would be equivalent to the standards regulating newer dwellings and this is difficult to determine from the data. Another consideration is that people who live in newer dwellings modify their behaviour to keep lower indoor temperatures for reasons aside income, household size and ownership. For example, in newer buildings the fabric and heating system will be co-designed and more efficient and therefore monitored temperatures and comfort temperatures may be closer due to reduced heat losses. Regardless, we find evidence to support the hypothesis that on average older dwellings are colder than newer dwellings, after being adjusted, but that the newest dwellings are not the warmest, and this may reflect energy performance not captured within the E-value measure and occupant behaviours and pReferences
The analysis also shows that as some indicators of socioeconomic status increase (i.e. income, employment) adjusted indoor temperatures also increased (Q2). Compared to the lowest income quintile, households with higher incomes kept warmer temperatures, but this was not a linear increase and the highest incomes were not on average the warmest. Further, household composition also reflected differences that might act as a socio-economic proxy. Households with couples (with or without children) were among the warmest and may reflect the increased chance of two incomes contributing to household fuel expenditure. When looking at employment, unemployed households had both the lowest daytime living room temperatures and bedroom night-time temperatures suggesting that these households could be maintaining quite a low indoor temperature of below 16 • C on average depending on their dwelling and household characteristics. Older and retired households, however, maintained among the highest indoor temperatures, which is aligned with the findings of Wilkinson et al. However, when looking at both age and income, the adjusted temperatures show that retired households with low incomes are colder than their higher incomes peers, which was also shown by Oreszczyn et al. in their study of older vulnerable households. Also, there was a significant difference for households living in local authority rented properties, another measure of socio-economic status, who were on average 1 • C warmer during daytime heating periods and 0.7 • C warmer overnight. There are several potential reasons why local authority dwellings have the highest temperatures, which could include: better building management, concern by councils of providing heating, and/or building features not picked up by dwelling type, size or performance. While there appears to be evidence to support the hypothesis that indoor temperatures are warmer among higher socio-economics classes, it would also appear that those households living in rented local authority dwellings are maintaining higher temperatures.
There appears to be little change in these trends when looking at lower or higher outdoor temperature conditions (i.e. 0 • C and 10 • C). The research question sought to determine whether older dwellings became much colder compared to newer dwellings when outdoor conditions became colder, with the premise being that older (and less efficient) dwellings would become more difficult and expensive to heat and therefore the indoor temperature conditions would become colder (Q3). The analysis results do not support this. It may be that in these older dwellings the occupants adjust the heating controls to meet their thermal comfort demands and are therefore willing to pay for this comfort. On the other hand, the analysis used monitors that were placed in the main living spaces (bedroom and living room) and it may be that other spaces are used less and/or no longer heated to focus the heat where it is most needed.
Finally, the analysis also shows that as energy performance becomes worse (i.e. higher E-values), adjusted indoor temperatures become colder. As compared to the most efficient homes, those in the least efficient band are on average 1.7 • C and 1 • C colder in the living room and bedroom respectively. The results, which is moderately significant even after adjustment of other variables, suggests that energy performance is an important determinant of indoor temperature that may lead to a low indoor temperature exposure.
In support of the existing evidence base, this study shows there is good evidence that households in the lowest socio-economic conditions are the coldest and that this will be compounded by living in dwellings with poor energy performance.
Are the findings of the monitoring analysis the actual experienced temperatures? There are no doubt mechanisms by which people will adapt their activities or conditions to mitigate or avoid these cold conditions. For example, by leaving the home or wearing more clothing. It is important to note that this analysis is not estimating the determinants of the comfort (or operative) temperature that are typically used as a measure of thermal comfort. However, despite this caveat there is evidence for England to show that households with characteristics of low indoor temperatures from this study are in fact being exposed to the cold [28, 29] . Also, it was shown that among English homes where the indoor living room and bedrooms temperatures were below 19 • C dry-bulb had a consistently low comfort vote [30] .
What does this mean for policies that have sought to address energy performance of dwellings and indoor temperature conditions? Policies in England that focus on households in lower socio-economic conditions will likely find an unmet need for improved indoor temperature conditions and the effect of a retrofit, for example, will likely show a combination of energy savings and increase in indoor temperature. However, what this also means is that policies that have an objective of improving indoor temperatures that target on socio-economic conditions will need to also account for underlying energy performance. For example, a low-income household living in a purpose built flat is likely to be as warm or warmer than a high-income household living in a pre-1919 dwelling. To date, however, many policies do not have a consistent method of including energy performance as part of the targeting process [31] . In England, the Energy Company Obligation scheme, which focuses on 'hard-to-treat' dwellings (i.e. solid walled dwellings, off the gas grid, no loft spaces, and high-rise flats) uses SAP as part of the assessment, but not specifically as a targeting mechanism in part due to the lack of available data [32] . This analysis of temperatures could also be used help define the features of a household and dwelling where the risk of low temperature exposure is increased and thereby tailoring the payment to reflect the risk (i.e. larger older homes alongside lower incomes and older age). For example, the UK Government's Warm Homes Discount Scheme that provides fuel payments (∼ £140 per year) to low income pensioners could be adjusted based on the expected energy performance of the dwelling.
This approach to analysis could be expanded to other countries where similar data sources are available to try and quantify the contribution that household and dwelling features have in indoor temperatures among the broader population. In the UK and Europe, where energy performance certificates are required when dwellings are sold and let, there may be an opportunity to focus programmes that seek to improve indoor temperature conditions towards dwellings that are both energy inefficient and occupied by households in lower socio-economic status. The approach was used in the final scheme year of the Warm Front programme [33].
Strengths and weaknesses
This analysis has included several novel methods for analysing indoor temperatures and has updated the evidence base of past studies that were limited by sampling. In terms of the implication for health, exposure to colder indoor temperatures during winter time conditions, has been shown to increase the risk of cardiovascular disease [7] . This analysis used the work by Huebner et al. to select daytime periods when heating patterns suggested households were typically demanding heat, i.e. 07:00-09:59 and 19:00-21:59). The night-time period of 20:00-07:00) temperatures was selected as it was likely that occupants would typically be at home and sleeping. Although the temperature data does not provide a definitive means to identify when households were present within the dwelling, the use of heating period to define typically occupancy could provide an appropriate proxy for determining likely periods of exposure.
There are several strengths and weaknesses that should be considered when interpreting the results of the analysis. First, although the EFUS is the largest cross-sectional survey representative of English households containing continuous temperature measurements in England, the sample size (i.e. N = 821) remains small and caution should be applied when extending the results to the whole population for the reason that temperature was not one of the sampling variables. While potentially erroneous data points were excluded from the data, there is a risk that the locations of the monitors were not representative of the temperature ranges experienced by the occupants. This could be because the monitors were not placed in locations that were commonly occupied or that measurements were being influence by other unknown factors. Finally, the categorical data used in the analysis is a snap shot pertaining to the moment of the survey and this means that there is a risk that some of the categories of variables may have changed between the time of the survey and the measurement campaign.
Going forward, further work is needed to better understand what happens to indoor temperature conditions within dwellings following energy performance retrofits and how socio-economic conditions affect thermal conditions. There is also a need to better understand the relationship between health and exposure to indoor thermal conditions. Although a number of studies have illustrated the important role that temperature plays in household health [7, 8, 13] , it is unclear how building energy performance and energy use modify health outcomes.
Conclusions
Living room and bedroom temperatures can give a useful indication of the wintertime temperature exposure of a household. Energy performance and household socio-economic conditions, such as household composition, are important determinants of indoor temperature during wintertime conditions. A large propor-tion of the sample dwellings had indoor air temperatures below 18 • C during winter time conditions, which is known to be associated with negative comfort votes.
In designing policies to improve indoor thermal conditions, policymakers will need to consider underlying energy performance of the dwelling. The use of detailed building data alongside temporal monitoring gives a resource by which to examine temperature exposure across the population. Policies that are aiming to assist households with wintertime heating can use these results to determine those households with the highest risk of having low temperature during wintertime conditions. Future data resources that provide a measure of energy performance, such as energy performance certificates, may also be useful for further targeting these inefficient dwellings in areas of low socio-economic conditions. Energy efficiency policies that focus on both energy performance and temperature exposure could achieve broader health and wellbeing co-benefits.
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Table A1
Model estimates of dwelling, household and energy performance characteristics and standardised internal temperature † (at 0
• C and 10 • C) in living room and bedrooms.
Living room temperature at 0 
